Methylglyoxal (MGO) is a major glycating agent that reacts with basic residues of proteins and promotes the formation of advanced glycation end products which are believed to play key roles in a number of pathologies, such as diabetes, Alzheimer's disease, and inflammation. We previously showed that MGO treatment targets the thioredoxin and the glyoxalase systems, leading to a decrease in Trx1 and Glo2 proteins in immortalized mouse hippocampal HT22 nerve cells. Here, we propose that autophagy is the underlying mechanism leading to Glo2 and Trx1 loss induced by MGO. The autophagic markers p62, and the lipidated and active form of LC3, were increased by MGO (0.5 mM). Autophagy inhibition with bafilomycin or chloroquine prevented the decrease in Trx1 and Glo2 at 6 and 18 h after MGO treatment. Proteasome inhibition by MG132 exacerbated the effect of MGO on Trx1 and Glo2 degradation (18 h), further suggesting a role for autophagy. ATG5 small interfering RNA protected Trx1 and Glo2 from MGO-induced degradation, confirming Trx1 and Glo2 loss is mediated by autophagy. In the search for the signals that control autophagy, we found that AMPK activation, a known autophagy inducer, was markedly increased by MGO treatment. AMPK activation was confirmed by increased acetyl coenzyme A carboxylase phosphorylation, a direct AMPK substrate and by decreased mTOR phosphorylation, an indirect marker of AMPK activation. To confirm that MGO-mediated Trx1 and Glo2 degradation was AMPK-dependent, AMPK-deficient mouse embryonic fibroblasts (MEFs) were treated with MGO. Wildtype MEFs presented the expected decrease in Trx1 and Glo2, while MGO was ineffective in decreasing these proteins in AMPK-deficient cells. Overall, the data indicate that MGO activates autophagy in an AMPK-dependent manner, and that autophagy was responsible for Trx1 and Glo2 degradation, confirming that Trx1 and Glo2 are molecular targets of MGO. target of rapamycin; MTT, 3-(4,5dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; Nrf2, nuclear factor-erythroid 2 p45 related factor 2; p62, sequestosome; SDS-PAGE, sodium dodecyl sulfate polyacrylamide gel electrophoresis; Tris, tris(hidroximetil)aminometano; Trx, thioredoxin; TrxR, thioredoxin reductase; Ubi, ubiquitin Free
Introduction
Methylglyoxal (MGO) is an endogenous byproduct of the normal metabolism of carbohydrates, lipids, and proteins, inevitably produced spontaneously or enzymatically [1] . Accumulation of MGO is highly deleterious, since it readily reacts in vivo with basic phospholipids and nucleotides, and with lysine and arginine residues of proteins, generating advanced glycation end products (AGEs) [1] . MGO has been associated with a number of pathologies, such as diabetes, hyperalgesia and inflammation, aging disorders, Alzheimer's disease, epilepsy, autism, and anxiety, among others [2] . Alzheimer's and diabetic patients present elevated levels of MGO in the cerebrospinal fluid and increased formation of AGEs [3, 4] . The cognitive decline seen during aging has also been related to disturbances in MGO metabolism [5] .
The glyoxalase system is the main enzymatic route for MGO elimination. Glyoxalase 1 (Glo2, EC 4.4.1.5) catalyzes the GSH-dependent conversion of MGO to S-D-lactoylglutathione, which is converted to D-lactate with the help of glyoxalase 2 (Glo2, EC 3.1.2.6). Glo1 activity is the rate limiting step in MGO degradation, which makes its regulation tightly associated with MGO toxicity [2] . However, an important role for Glo2 in counteracting MGO toxicity has also been proposed [6, 7] , including after loading HT22 cells with purified Glo2 or in vivo after an ischemic episode [8] . Our recent study showed that MGO treatment of mouse HT22 nerve cells leads to a marked decrease in Glo2 after 8 h of treatment with either a subtoxic (0.3 mM) or toxic (0.75 mM) concentration of MGO [9] , but the mechanisms underlying this effect are not known.
Thioredoxin (Trx), thioredoxin reductase (TrxR, EC 1.8.1.9) and NADPH constitute the Trx system which is the main electron donor for enzymes such as ribonucleotide reductase (EC 1.17.4.1), methionine sulfoxide reductases (EC 1.8.4.11), peroxiredoxins (EC 1.11.1.15), and glutathione peroxidases (EC 1.11.1.9) [10, 11] . Similar to other proteins, Trx and TrxR have reactive cysteines that are among the most sensitive to oxidative stress [12, 13] , and thus may be oxidized by reactive oxygen species or targeted by thiol-reacting molecules, such as MGO. Decreased levels of Trx in the neural tissue and increased levels in plasma and cerebrospinal fluid were found in Alzheimer disease patients, and such changes were correlated to clinical scores and were of prognostic value [14] . There is some in vitro evidence showing that components of the Trx/TrxR system are molecular targets of MGO toxicity [9, 15, 16] . Endothelial cells exposed to MGO downregulate Trx1 protein and mRNA copy number [17] . In HT22 nerve cells, MGO induced a marked decrease in Trx activity and Trx1 protein, as well as a decrease in TrxR activity [9] . Furthermore, it was shown that TrxR1 was heavily modified with MGO-adducts, possibly explaining the loss of function [9] . Nevertheless, much remains to be determined about the mechanisms involved in the effects of MGO on the Trx/TrxR system.
Following up on our data showing that the Trx/TrxR and the glyoxalase systems are targets of MGO [9] , we investigated if enhanced proteasome activity or autophagy could explain the decreases in Trx1 and Glo2 in MGO-treated HT22 nerve cells. In order to modulate proteasome and autophagic activity, known inhibitors were used, and given that AMPK is a major regulator of autophagy, we also investigated the role of AMPK in MGO-induced autophagy.
Material and methods

Materials
Tissue culture dishes were from NUNC; fetal calf serum was obtained from Hyclone; high-glucose Dulbecco's modified Eagle medium (DMEM) was from Invitrogen (Carlsbad, CA, USA). Bovine serum albumin, N-(2-hydroxyethyl)-piperazine-N-(2-ethanesulfonic acid) (Hepes), 2-mercaptoethanol, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), methylglyoxal, ethylenediaminetetraacetic acid, and tris(hydroxymethyl)aminomethane (Tris), chloroquine (CQ) were from Sigma-Aldrich. MG132, and bafilomycin (BAF) were from Calbiochem. Primary antibodies, and their respective dilutions and sources were: Glo2 (sc-31057, 1:1000, goat), p S2448 -mTOR (sc-297, 1:1000, mouse) from Santa Cruz Biotechnology; p S79 -ACC (3661, 1:1000, rabbit); ACC (3662, 1:1000, rabbit), p T172 -AMPK (2535, 1:1000, rabbit); α-AMPK (2793, 1:1000, rabbit); LC3 (4108 S, 1:1000, rabbit); Trx1 (2429, 1:3000, rabbit); ubiquitin (3936, 1:1000, mouse) from Cell Signaling; MG-adduct (STA-011, 1:1000, mouse) from Cell Biolabs; p62 (sequestosome) (1:5000, guinea pig) from American Research Products. Mouse embryonic fibroblast (MEFs) was a generous gift of Dr. Reuben Shaw from the Salk Institute, La Jolla, CA.
Cell culture and treatments
Immortalized mouse hippocampal HT22 cells were grown on tissue culture dishes in high-glucose DMEM that was supplemented with 10% FCS as previously published [9, 18] . Following treatment for the indicated times and concentrations of MGO, the medium was exchanged with fresh medium without MGO, and cell viability was quantified by the MTT assay [19] . None of the tested MGO concentrations (0.1-0.5 mM) produced any appreciable decrease in cell survival at 24 h, as determined by the MTT assay (data not shown). It is important to note that the MGO effect on cell survival was highly dependent on cell density, indicating that MGO concentrations need to be adjusted accordingly for experimental reproducibility. For other assays, 1.5×10 5 cells were plated in 60 mm plate dishes and the cells were grown to semiconfluence. Prior to harvesting the cells, the medium was aspirated and the cells rinsed twice with cold PBS.
Transfection
For siRNA transfections, HT22 cells were plated in 60 mm dishes at 5×10 5 cells/dish and 166 pmol ATG5 siRNA (#sc-41446) or control siRNA (#sc-37007), all from Santa Cruz Biotechnology (Santa Cruz, CA), were used along with RNAiMAX (Invitrogen) according to the manufacturer's instructions.
Western blot
HT22 cells were plated at a density of 1.5×10 5 cells per 6 cm dish. At 80% confluence cells were treated as indicated, rinsed twice in icecold, Tris-buffered saline and harvested in sample buffer (25 mM Tris, pH 8.0, 2% SDS, 25 mM 2-mercaptoethanol, 1 mM Na 3 VO 4 ).
Samples were analyzed by SDS-PAGE using 10% Criterion XT Precast Bis-Tris Gels (Biorad). Proteins were transferred to polyvinyli- dene fluoride membranes, and probed with the desired primary antibody as detailed elsewhere [9, 20] . Immunodetection was performed by using Super Signal West Pico Substrate (Pierce) with the appropriate secondary antibody. For each antibody, the same membrane was reprobed for actin or Ponceau S to normalize the protein load, as indicated. Antibodies were previously tested in whole cell extracts to ascertain dilutions. Horseradish peroxidase-conjugated secondary antibodies (Bio-Rad) were diluted 1/5000 in 5% skim milk in tris buffered saline/0.1% Tween 20 prior to use. Autoradiographs were scanned using a Bio-Rad GS800 scanner, and band density was measured using the Quantity One software.
Statistical analysis
Statistical significance was assessed by non-parametric one-way ANOVA, followed with the Kruskal-Wallis post-test. When autophagic (BAF and CQ) or proteasomal (MG132) inhibitors were used, a nonparametric Student t-test was used to compare the treated group with the untreated control. Statistical significance was set at p values < 0.05. Data are presented as mean ± SEM of at least 3 independent experiments, unless otherwise stated.
Results
Trx1 and Glo2 protein are affected by MGO treatment
We previously demonstrated that the glyoxalase and thioredoxin systems are molecular targets of MGO [9] , however the mechanisms underlining such effects remain to be determined. Here the participation of autophagy and proteasomal degradation in the MGO-mediated loss of Trx1 and Glo2 was investigated. First, we reproduced our previous data [9] demonstrating that HT22 cells treated with a nonlethal concentration of MGO show a decrease in Trx1 ( Fig. 1A and B ) and Glo2 (Fig. 1C and D) protein.
MGO-adduct and ubiquitination of proteins
As shown in Fig. 2 , after 3 h of treatment there was a marked increase in MGO-protein adducts, which was proportional to the MGO concentration ( Fig. 2A) . Importantly, the levels of MGO adduct formation appeared to be maximal in the first hours and then presented a tendency to decrease at 6 and 18 h ( Fig. 2B and C) . However, as the methods used for detection were not exactly the same, a direct comparison is not possible. Additionally, the half-life of MGO in the culture media is around 5 h with~90% being undetectable at 8 h [9] , in agreement with the data presented in Fig. 2 showing that maximal adduct formation occurs within a few hours.
Damaged proteins are tagged for ubiquitination, and later cleared out by degradative processes, such as the autophagic and proteasomal systems [21, 22] . Ubiquitination of proteins can be evaluated by Western blot, as shown in Fig. 3 . Interestingly, ubiquitination of proteins was rapidly (1 h) decreased by MGO treatment, returning to basal levels by 3-6 h ( Fig. 3A and B ). It is known that MGO can react with lysine and arginine residues, which can prevent protein ubiquitination [23] [24] [25] . This possibility is in line with data showing that free αubiquitin was more abundant shortly after MGO treatment, as detected by an increase in the α-ubiquitin dimer/monomer ( Fig. 3C and D) . MGO-adducts are unstable, contributing to the appearance of AGEs, which are readily ubiquitinated [3, 4] . This idea is consistent with the observed increase in ubiquitinated proteins 18 h after MGO treatment ( Fig. 3A and B) .
Both autophagy and the proteasome are able to clear ubiquitinated proteins [26, 27] . In order to investigate the functionality of both systems, HT22 cells were pre-treated with bafilomycin (BAF) or MG132, autophagy and proteasome inhibitors, respectively. As expected, both inhibitors progressively increased protein ubiquitination over time (Fig. 4) . Ubiquitinated proteins were 1.5-fold higher at 1 h ( Fig. 4A ) and 6 h (Fig. 4B ) after BAF treatment. After 18 h, this value increased to 17-fold ( Fig. 4C ). MG132 was more effective at increasing ubiquitinated proteins, going from 2.6-fold at 1 h, to 8-fold at 6 h and 50-fold at 18 h. MGO did not significantly affect the increases in ubiquitination seen in BAF-or MG132-treated HT22 cells (Fig. 4 ).
Effect of MGO treatment on autophagy markers p62 and LC3
Induction of autophagy by MGO has been previously shown for retinal pigment epithelium and endothelial cells [28] [29] [30] , thus we investigated if MGO could induce autophagic markers in HT22 cells. The expression of the autophagy adaptor protein sequestosome 1 (p62) was altered by MGO treatment (Fig. 5A and C) . In the first hour after MGO treatment (0.5 mM), p62 expression was slightly decreased, while at 6 h and 18 h, it was increased by almost 2-fold. We evaluated another autophagic marker, the microtubule-associated protein light chain 3 (LC3; Fig. 5B , D and E). LC3 decreased progressively after MGO treatment, being markedly decreased at 18 h ( Fig. 5B and D) . Upon autophagy induction, the unmodified form of LC3 (LC3 I) is lipidated, producing a lower band in SDS-PAGE (LC3 II), which is considered an autophagy marker [31] . HT22 cells treated with 0.5 mM MGO for one hour showed a clear increase in the levels of LC3 II (Fig. 5B and E) , decreasing progressively with time.
Autophagy inhibition protects from the MGO-induced decrease in Trx1 and Glo2
We next tested the effects of the autophagy and proteasome inhibitors on the MGO-induced decrease in Trx1 and Glo2 (Fig. 6 ). Both autophagy inhibitors, BAF and CQ, were able to prevent MGOinduced Trx1 loss at 6 h ( Fig. 6A and C) and 18 h ( Fig. 6B and D) . Similarly, BAF and CQ prevented the decrease in Glo2 expression at 6 h ( Fig. 6E and G) and 18 h ( Fig. 6F and H) . Interestingly, BAF and CQ alone produced an increase in the Glo2 levels at 18 h.
Six hours after MGO treatment, the proteasome inhibitor MG132 was also able to prevent the MGO-dependent decrease in Trx1 ( Fig. 6A and C) and Glo2 ( Fig. 6E and G) . However, at 18 h, MG132 by itself decreased Trx1 and Glo2, and the combination of MGO and MG132 produced a stronger decrease in Trx1 and Glo2, as compared to the effect of MGO alone.
To confirm that the MGO-mediated decrease in Trx1 and Glo2 was dependent on autophagy, ATG5 was knocked down by siRNA ( Fig. 7A ). ATG5 has an essential role in the complex ubiquitin-like conjugation system 3, and therefore is also essential to autophagy [32] . While MGO treatment for 18 h produced a marked decrease in the levels of Trx1 ( Fig. 7B and C) and Glo2 ( Fig. 7B and D) in cells treated with control siRNA, the MGO-dependent decrease in Trx1 and Glo2 were not observed in cells treated with ATG5 siRNA, further supporting the idea that these proteins are degraded by autophagy.
AMPK-dependent autophagy mediates the effect of MGO on Trx1 and Glo2 abundance
MGO can induce the activation of AMPK [33] , a known inducer of autophagy [34] . Therefore, we measured AMPK phosphorylation as a possible mechanism underlying the observed effects of MGO on Trx1 and Glo2. We investigated the MGO effect on AMPK phosphorylation at serine 172, a site that is known to activate AMPK [35, 36] . p-AMPK was not altered by MGO at 1 h after treatment, but after 3 h, MGO treatment induced a 10-fold increase in p-AMPK ( Fig. 8A and B) . The levels of p-AMPK remained elevated at 6 h (3-fold) and 18 h (5-fold) after MGO treatment. The effect of MGO on AMPK phosphorylation was dose dependent at 3, 6 and 18 h of treatment. To confirm that AMPK was activated by MGO treatment, the phosphorylation of an AMPK target, acetyl co-enzyme A carboxylase (ACC), was assessed after 3 h, a time point at which AMPK is maximally phosphorylated. As can be observed in Fig. 8C , p-ACC increased progressively as the MGO concentration increased, presenting a 4-fold increase at 0.5 mM MGO. Activation of AMPK also usually results in mTOR inactivation and increased autophagy [37] , thus we evaluated if phosphorylation at serine 2448, which is associated with mTOR activation, was decreased in MGO-treated HT22 cells. Fig. 8D shows that the abundance of p-mTOR decreased dramatically, being barely detectable 3 h after treatment with 0.5 mM MGO.
To confirm that the MGO-mediated decrease in Trx1 and Glo2 was dependent on AMPK, we treated wild type and AMPK-deficient mouse embryonic fibroblasts (MEFs) with MGO ( Fig. 9 ). MGO treatment for 18 h produced over a 50% decrease in the levels of Trx1 (Fig. 9A and B) and Glo2 (Fig. 9C and D) in wild type MEFs, while both proteins were preserved in the AMPK-deficient MEFs. These results strongly support the hypothesis that AMPK-dependent autophagic degradation of Trx1 and Glo2 is responsible for their loss in MGO-treated HT22 cells.
Discussion
In the present study, we used relatively high but sublethal MGO (0.1-0.5 mM) concentrations, in a range broadly found in the literature [16, 17, 38] , with the aim to demonstrate that Trx1 and Glo2 are molecular targets of MGO. Once such targets are identified, further studies with additional, relevant models are needed to further test the hypotheses. Previously we demonstrated that MGO induces a marked decrease in Trx1 and Glo2 protein expression in HT22 nerve cells [9] , which was reproduced in this study (Fig. 1) . Herein, we investigated if the MGO-induced loss of these proteins is due to degradation by either autophagy or the proteasome.
In order to better understand the temporal profile of MGO-modified proteins, it was found that MGO-adduct formation increases with MGO concentration, peaking at 3 h and decreasing progressively thereafter (6 and 18 h). This profile is compatible with an initial condensation between the MGO carbonyl group and the guanidine atom of the lysine/arginine residues of proteins. Further rearrangements can produce several covalently modified protein adducts, known collectively as AGEs [2, 39, 40] , decreasing the MGO-protein adduct signal over time (Fig. 2 ) since the MGO antibody only recognizes some of the adducts.
Modified proteins are often targeted for degradation by ubiquitination. At 1 h after MGO treatment, protein ubiquitination was markedly decreased which could not be attributed to a simple lack of substrate (αubiquitin) since its levels actually increased at 1 and 3 h after MGO treatment. In fact, it has been reported in the literature that MGOadduct formation prevents ubiquitination, mostly by reacting with arginine and lysine residues, which are ubiquitination sites [23] [24] [25] . Our data showing that global ubiquitination increased at 18 h after MGO treatment is in line with the idea that the proteasome is either inhibited or overloaded. The literature supports both possibilities as AGE-modified proteins are less susceptible to degradation by trypsin and chymotrypsin-like proteasomal activity and there is a reported inhibitory effect of glycation on proteasomal activity [24, [41] [42] [43] .
The increase in global protein ubiquitination after MGO treatment suggests an impairment in proteasome activity, a finding already described in several models exposed to glycating agents such as MGO [24, 41, 42] . In contrast, MGO induced an increase in the active form of LC3 and a consistent induction of p62, both of which are autophagy markers. It has been previously shown that MGO can induce Nrf2 in HT22 cells [9] , and Nrf2 is a known inducer of p62 [44] . Furthermore, MG132 is also a p62 inducer [45] . Altogether, these data are in line with the idea that MGO is good inducer of autophagy, which was already described for retinal pigment epithelium and endothelial cells [28] [29] [30] .
Thus, we hypothesized that autophagy is responsible for Trx1 and Glo2 loss after MGO treatment. To confirm that Trx1 and Glo2 are degraded by an autophagic route, HT22 cells were exposed to MGO after a pre-treatment with autophagy or proteasome inhibitors. The results revealed that at 6 h both autophagy (BAF and CQ) and proteasome (MG132) inhibitors prevented the MGO-induced decrease in Trx1 and Glo2. At 18 h, BAF and CQ remained effective in preventing MGO-mediated Trx1 and Glo2 loss. Interestingly, basal levels of Trx1 (6 h) and Glo2 (18 h) were even increased by autophagy inhibitors, especially BAF. In contrast, MG132 treatment for 18 h produced a decrease in both Trx1 and Glo2. Given that MG132 increased the levels of LC3 II, total LC3 and p62 (data not shown), and has been considered an autophagy activator [26, 27, 45] , it is reasonable to propose that the degradation of Trx1 and Glo2 is mediated by autophagy. In combination with MGO, the MG132 effect was even higher as compared to the effect of MGO alone, suggesting that the stimulating effects of MGO on autophagy were additive to those due to MG132 treatment. Furthermore, siRNA targeting the essential autophagy protein ATG5 [32] , prevented the MGO-induced decrease in Trx1 and Glo2, further supporting the idea that both proteins are degraded by autophagy. MGO-induced decrease in vascular endothelial growth factor receptor 2 was also shown to be mediated by autophagy [29] . A previous work showed the MGO-dependent increase (24 h) in heme oxygenase-1 and glutamate cysteine ligase, TrxR1 and TrxR2 protein abundance [9] . This indicates that the autophagy-mediated decrease in Trx1 and Glo2 is a somewhat specific process. However, more experiments are required to thoroughly address this interesting question.
The marked increase (≥3-fold) in AMPK phosphorylation at 3, 6 and 18 h, after 0.5 mM MGO treatment suggests that autophagy was induced through AMPK activation. This strong AMPK activation was confirmed by increased phosphorylation of ACC, a known AMPK substrate [36] . AMPK phosphorylates and activates the tuberous sclerosis complex that, in turn, phosphorylates the Ras homolog enriched in brain small GTPase, preventing activation of mTOR [34] . Thus, a decrease in mTOR phosphorylation can be taken as further, indirect evidence of AMPK activation, as shown in Fig. 8C .
To test if Trx1 and Glo2 degradation is dependent on AMPK, MEFs deficient in AMPK were treated with MGO for 18 h. Similar to the HT22 . MGO-dependent mechanisms targeting Trx1 and Glo2 for degradation by autophagy. Activated LC3 (LC3 II) mediates membrane elongation by associating with autophagosomal membrane. Membrane-attached LC3-II allows the anchoring of p62 adaptor protein carrying Ub-tagged proteins, possibly Trx1 and Glo2. MGO putatively induces autophagy by increasing the abundance of LC3-II and p62. By binding to LC3-II, p62 facilitates autophagy by localizing in autophagic compartments, and allowing the transport of Ub-proteins and organelles for degradation. The complex ATG5-ATG12-ATG16 is necessary for autophagosome formation. Knockdown of ATG5 impairs the autophagosome formation and Trx1 and Glo2 degradation. The proteasome inhibitor MG132, which is known to activate autophagy [26, 27, 45] , promotes Trx1 and Glo2 loss. Inset: MGO leads to AMPK activation by phosphorylation (p-AMPK), and as indicated by acetyl coenzyme A phosphorylation and mTOR inhibition, thus releasing mTOR's negative effect on autophagy. AMPK-KO or autophagy inhibitors BAF and CQ prevent MGO-induced Trx1 and Glo2 degradation. Legend: AMPK, 5' AMP-activated protein kinase; ATG, autophagy related; BAF, bafilomycin; CQ, chloroquine; Glo2, glyoxalase 2; LC3, autophagy marker light chain 3; MGO, methylglyoxal; mTOR mechanistic target of rapamycin; Trx1, thioredoxin 1; Ub, ubiquitin;. cells, Trx1 and Glo2 were decreased by MGO treatment in wild type MEFs. AMPK deficient MEFs, however, were insensitive to MGO, maintaining unaltered levels of Trx1 and Glo2 levels. Normal ageing is associated with a decline in Glo1 expression in rodents and human subjects and increased AGEs formation [46] . There is also evidence showing a decline in the glyoxalase system in neurodegenerative diseases, along with increased AGEs and oxidative stress, which are strictly correlated with MGO levels [47, 48] . These findings suggest a central role for AGEs and MGO in ageing and the progression of neurodegenerative diseases. Increased levels of modified proteins can also lead to the formation of aggregates, which are prominent features in age-dependent degenerative diseases [41, 47, 48] . Dysregulation of autophagy can impair the removal of damaged proteins, which is known to be involved in the pathogenesis of a variety of metabolic and age-related diseases [29, 47, 49, 50] .
Trx was shown to be critically important in protecting C. elegans and SH-SY5Y cells in the dopamine model of Parkinson's disease [51] , and was decreased in the galactose model of Alzheimer's disease [52] . The cellular content of Trx was also decreased in Alzheimer's patients, presenting a strong correlation with disease severity and therefore considered a good predictor for the conversion of mild cognitive impairment to Alzheimer's disease [14] . In this regard, MGO can be taken as a potential modifying agent in the progression of age and neurodegenerative diseases, since it is proteotoxic, induces AGEs and impairs the glyoxalase, and the thioredoxin systems, as shown here.
Overall, the presented data show for the first time that autophagy is induced by MGO-dependent activation of AMPK, and that Trx1 and Glo2 are degraded by autophagy as summarized in Fig. 10 .
